Part of heterodimeric inhibin, inhibin-is crucial for mammalian ovarian function. Regulation of inhibin-expression in granulosa cells is both endocrine, primarily by follicle-stimulating hormone (FSH), and paracrine, primarily by members of the transforming growth factor (TGF-) superfamily. Smad proteins transmit TGF-signals to the nucleus, but the cooperating transcription factors involved in inhibin-promoter activation remain unknown. Transcription factor GATA-4 regulates inhibin-in gonadal cells, and the FSH cascade activates GATA-4. We hypothesized that the TGFsignalling cascade and GATA-4 also cooperate to regulate inhibin-expression. In KK-1 granulosa tumour cells, which resemble normal granulosa cells and express inhibin-, we found that TGF-upregulated GATA-4 expression. Transient transfection experiments in KK-1 cells demonstrated that dominant negative GATA-4 variants or mutations of GATA-binding sites in the inhibin-promoter attenuated TGF--induced gene activation. In GATA-4-deficient COS-7 cells, TGF-enhanced the expression of the inhibin-promoter only in the presence of exogenous GATA-4. Smad3, but not Smad2, cooperated with GATA-4 in the transcriptional activation of the inhibin-promoter, and immunoprecipitation experiments in KK-1 cells revealed a physical Smad3:GATA-4 interaction. Our data suggest that GATA-4, interacting with Smad3, is a cofactor for TGF-signalling to activate inhibin-in granulosa cells.
Introduction
Inhibin-produced by granulosa cells is essential for proper functioning of the mammalian ovary. The secreted inhibins are heterodimers of this common -subunit and either a A-or a B-subunit (inhibins A and B respectively) and are important endocrine regulators that repress follicle-stimulating hormone (FSH) secretion by the pituitary through a negative feedback loop. Inhibins, which belong to the transforming growth factor beta (TGF-) superfamily, are also essential paracrine regulators in ovarian cells (reviewed by Findlay et al. 2001) . TGF-signalling is central for a number of cellular processes, including differentiation, proliferation and apoptosis (reviewed by Massague et al. 2000) . Inhibin production by granulosa cells is regulated by endocrine (FSH), paracrine (growth differentiation factor-9 (GDF-9)), and autocrine (TGF-and activin) factors (Lanuza et al. 1999 , Drummond et al. 2000 , Findlay et al. 2001 , Roh et al. 2003 .
TGF-signalling is mediated through two types of serine/threonine kinase receptors (Massague et al. 2000) . In brief, the ligand binds to a type II receptor, which then heteromerizes with a type I receptor, also termed activin-receptor-like kinase (ALK). This complex then activates Smad proteins, the common intracellular TGF-signal mediators, as well as other pathways, such as the P38 mitogen-activated protein kinase (MAPK) pathway (Hanafusa et al. 1999) . The Smad proteins form complexes, translocate into the nucleus, and drive expression of target genes by interacting with cell-specific transcription factors (Massague et al. 2000) . Considering the functional diversity of TGF-signalling, it is striking that only two types of Smad responses are known: the bone morphogenic protein type signal activates Smad1, Smad5 and Smad8, whereas the TGF-type signal activates Smad2 and Smad3 (Massague et al. 2000) . Thus, the participation of cell-specific, DNA-binding cofactors is likely to be essential. In granulosa cells, oocyte-derived GDF-9 activates the TGF-type pathway , Roh et al. 2003 , Mazerbourg et al. 2004 , but the transcription factors that are involved in the activation of target genes has remained unknown.
Transcription factor GATA-4 has emerged as a potent activator of several genes expressed in endocrine tissues, including anti-Müllerian hormone, aromatase, luteinizing hormone receptor, inhibin-B and inhibin- (Ketola et al. 1999 , Tremblay & Viger 1999 , Feng et al. 2000 , Rahman et al. 2004 . GATA-4 belongs to a family of zinc-finger transcription factors, termed the GATAbinding proteins, primarily recognizing a consensus GATA motif in the promoters and enhancers of their target. Interactions between GATA-4 and the Friend of GATA (FOG) family of coactivators/corepressors are essential for the differentiation of several tissues (Tsang et al. 1998 , Tevosian et al. 2000 , Chang et al. 2002 , including gonads (Tevosian et al. 2002) . In endocrine cells, gonadotropin signalling through the cAMP-protein kinase A (PKA) pathway leads to phosphorylation of the GATA-4 protein, increasing its DNA binding and thereby its transactivation of the target genes (Tremblay & Viger 2003a,b) . Furthermore, FSH upregulates GATA-4 expression in cultured granulosa tumour cells (Heikinheimo et al. 1997) .
In recent years, we have detailed the expression of GATA-4 in mouse and human granulosa cells and granulosa cell tumours (Heikinheimo et al. 1997 , Laitinen et al. 2000 , Vaskivuo et al. 2001 , Anttonen et al. 2003 . In the postnatal ovary, GATA-4 expression is initiated in the primary follicular stage and maintained until the larger antral stage or follicular atresia. Since a Gata4-null mutation is embryonic lethal (Kuo et al. 1997 , Molkentin et al. 1997 , the ultimate role of GATA-4 in granulosa cell function has remained unknown. Given that GATA factors have recently been reported to cooperate with TGF-signalling in the immune system and the heart (Blokzijl et al. 2002 , Brown et al. 2004 , we hypothesized that GATA-4 is employed in the TGF--Smad2/3 pathway in granulosa cells.
Experimental procedures

Reagents and plasmid constructs
Antibodies (polyclonal goat anti-GATA-4 IgG, sc-1237 and sc-1237X, and polyclonal goat antiactin IgG, sc-1616) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA); polyclonal rabbit anti-Smad3 IgG, 51-1500 from Zymed Laboratories (San Francisco CA, USA); and monoclonal mouse anti-inhibin-IgG, MCA951S from Serotec (Oxford, UK). Recombinant TGF-1 was purchased from R&D Systems (Minneapolis, MN, USA); FuGene6 from Roche; Lipofectamine 2000 from Invitrogen; luciferase detection system from Promega; pCMV from Clontech; and protease inhibitor cocktail (P8340) from Sigma-Aldrich. -32 P-ATP was purchased from PerkinElmer (Boston, MA, USA); T4 polynucleotide kinase and kinase buffer from New England BioLabs (Beverly, MA, USA); and polydI-dC from Amersham. Immobilon-P membrane was purchased from Millipore (Bedford, MA, USA); secondary antibody from Jackson Laboratories (West Grove, PA, USA); and Enhanced Chemiluminescence Plus Kit from Amersham. The dominant negative GATA-4 mutant plasmid pMT2-GATA-4-DN2 (DN2) was generated by mutating the carboxy-terminal zinc-finger in the sequence coding GATA-4 protein, with the Quick Change Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). The following primers were designed to change cysteines into serines in both positions of the zinc-finger:
+ wild-type nucleotides 1437-1466, 5 -GAGCCTGT ATGTAATGCCTGCGGCCTCTAC-3 + mutant nucleotides 1437-1466, 5 -GAGCCTGTA TCTAATGCCTCCGGCCTCTAC-3 .
The changes were confirmed by sequencing, and the integrity of the mRNAs and proteins was confirmed by northern blot and western blot respectively, as described by Arceci et al. (1993) . The other plasmids employed have been previously described: pMT2-GATA-4 (wild-type GATA-4) and pMT2-GATA-4-DN1 (DN1) (Arceci et al. 1993) , pGL2 -679 bp-inhibin--luciferase (Tremblay & Viger 2001) , Flag-pcDEF3-Smad2 and Flag-pcDEF3-Smad4 (Kawabata et al. 1998) , FlagpcDNA3-Smad3 (Nakao et al. 1997) , pMT2-FOG-1 (Tsang et al. 1997 ) and pCS2+-FOG-2 (Tevosian et al. 1999) . In the wild-type and mutant -180 bp-inhibin--luciferase plasmids, we replaced the original pTKGH reporter vector (Ketola et al. 1999 ) with pGL2 by subcloning to the HindIII sites and sequencing to verify orientation. Of all the plasmids, the corresponding empty plasmid was employed as a control in all experiments.
Cell culture and luciferase assays
The cells were cultured in 37 C in a humidified atmosphere containing 5% CO 2 . COS-7 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 U/ml streptomycin. KK-1 cells were originally established from an ovarian tumour of inhibin--driven, T-antigen transgenic mice, and cultured in DMEM supplemented with 4·5 g/l glucose, 0·365 g/l -glutamine, 20 mM Hepes, 100 U/ml penicillin and 100 U/ml streptomycin. In luciferase assays, the cells were plated at a density of 1·5 10 5 (COS-7) or 2·5 10 5 (KK-1) cells/well on 12-well plates and grown for 24 h before transfection. In TGF-stimulations, the cells were treated with 0, 10, 20 or 50 ng/ml TGF-1 in 1% or 10% FBS. COS-7 cells were transfected with FuGene6 and KK-1 cells with Lipofectamine 2000 according to manufacturers' instructions. The expression of all transfected plasmids was verified by western blotting. In all experiments, pCMV -galactosidase was cotransfected to monitor transfection efficiency. When protein-expressing plasmids were transfected, the equal amount of corresponding empty plasmids was transfected to all the other wells. Cells were lysed 40 h (COS-7) or 48 h (KK-1) after transfection, and a luciferase assay normalized to -galactosidase activity was performed, as previously described (Martelin et al. 2000) .
Nuclear extracts and electrophoretic mobility shift analysis (EMSA)
Nuclear extracts of lysates of COS-7 and KK-1 cells were prepared and protein concentrations measured, as previously described (Martelin et al. 2000) , with the minor modification that separate protease inhibitors were replaced with protease inhibitor cocktail at a concentration suggested by the manufacturer. Oligonucleotide probes were for the area around the two GATA sites on the wild-type or mutant inhibinpromoter (Ketola et al. 1999 ) -inh 1, 5 GTGGGA GATAAGGCTC3 ; inh 1 mut, 5 GTGGGACATA AGGCTC3 ; inh 2, 5 GTCAGAGATAGGAGGT3 ; inh 2 mut, 5 GTCAGACATAGGAGGT3 -and the complementary strands. The oligos were end-labelled with -32 P-ATP, using T4 polynucleotide kinase, and annealed to dimers. In binding reactions, 10 µg nuclear protein were incubated with 10 000-30 000 c.p.m. of the labelled probe for 5 min on ice in 10 mM Hepes (pH 7·8), 1 mM EDTA, 5 mM MgCl 2 , 5% glycerol, 1 mM DTT and 1 µg poly-dIdC. In competition experiments, a 100-fold excess of unlabelled wild-type or mutant probe was added before the labelled probe, and in supershift experiments, the incubation was further continued with 1-2 µg of antibody (sc-1237X or anti-GATA-4 IgG, as described by Arceci et al. (1993) ) for 10 min. Total reaction volume was 20 µl. The samples were loaded on a 5% acrylamide gel in 0·5x TBE, run with 200 V for 1·75-2 h at room temperature, and visualized by autoradiography.
Co-immunoprecipitation
COS-7 cells were transfected to coexpress equal amounts of GATA-4 and/or Smad3 proteins. Aliquots (100 µg) of COS-7 or KK-1 nuclear extracts were immunoprecipitated by end-over-end mixing overnight at 4 C with anti-GATA-4 (sc-1237) or anti-Smad3 (51-500) in PBS supplemented with 1% NP40, 1 mM EDTA, and protease inhibitor cocktail. The protein complexes were collected by adding protein G-Sepharose for 1 h followed by five washes with the buffer, and subjected to SDS-PAGE. Non-specific antibodies were employed in control experiments.
Western blotting
Nuclear proteins of COS-7 (10 µg) or KK-1 (40 µg) cells or, alternatively, the precipitated proteins (see above) were separated by 7·5% SDS-PAGE and transferred to Immobilon-P membrane. The non-specific antibody binding was blocked with 5% skim milk in 0·1% Tween-TBS buffer. The membrane was incubated with primary antibody (sc-1237, 51-1500 or sc-1616) for 1 h at room temperature, followed by secondary antibody, and visualized by the Enhanced Chemiluminescence Plus Kit. For controls, the membranes were subsequently stripped and reprobed.
Immunohistochemistry
Samples of three normal human ovaries, removed because of cervical cancer from women under 35 years, were embedded in paraffin-wax and sectioned to 5 µm. Immunohistochemical staining was performed on the sections, as previously described (Anttonen et al. 2003) , with the primary antibodies anti-GATA-4 (sc-1237, dilution 1:200), anti-Smad3 (51-1500, dilution 1:100) and anti-inhibin-(MCA951S, dilution 1:20). In immunocytochemical staining of KK-1 cells, the cells were grown to form a monolayer, fixed in 4% PFA, and stained with a similar procedure as for the tissue sections. The Helsinki University Central Hospital ethics committee approved the use of the human tissue samples.
Data analysis
All experiments were repeated at least three times. Cell cultures were performed in triplicate, and results are presented as the mean S.E.M. of three independent experiments.
Results
TGF-upregulates GATA-4 protein levels and activates the inhibin-promoter in KK-1 cells
To test the hypothesis that GATA-4 is involved in TGF--Smad2/3 type signalling in granulosa cells, we utilized KK-1 cells. This cell line, originally derived from a murine granulosa cell tumour (Kananen et al. 1995) , retains features of normal granulosa cells, including expression of inhibin-, steroidogenic factor-1 (SF-1) and GATA-4 (Fig. 1A , and data not shown). However, the passages utilized did not respond to gonadotrophins (Kananen et al. 1995 ). We found that the level of GATA-4 protein in KK-1 cells increased in response to TGF-stimulation for 1·5, 3 or 24 h (Fig. 1A) . In addition, TGF-stimulation led to an increase in the levels of Smad 2 and Smad 3 in the nucleus, confirming their activation and translocation to this compartment (Fig. 1A) .
Next, we performed transient transfection studies with a -679 bp inhibin-gene promoter coupled to a luciferase reporter. This promoter fragment was active in KK-1 cells, and TGF-stimulated the activity of this promoter in a dose-dependent fashion up to two-fold (Fig. 1B) . Although GATA-4 is endogenous to KK-1 cells, overexpression of GATA-4 via transfection enhanced the TGF-effect up to sixfold (Fig. 1C) . The GATA cofactors, FOG-1 or FOG-2, can repress promoter activation by GATA-4 in in vitro assays (Robert et al. 2002) . Although FOG-1 was found to be endogenous to KK-1 cells (data not shown), forced expression of either FOG-1 or FOG-2 abolished inhibin-promoter activation by TGF-in KK-1 cells (Fig. 1D) ; furthermore, FOG-2 downregulated the promoter activity one-third below the basal level. The endogenous FOG-1 expression might also influence transfection efficiency in the KK-1 cell model, causing the relatively low-fold activations achieved. These effects are altogether likely to occur through interaction with endogenous GATA factors. The abrogation of TGFresponse of the inhibin-promoter by FOG-2 thus Western blot analysis of GATA-4, Smad2 and Smad3 protein expression in KK-1 cell nuclear extracts, treated with 0 or 20 ng/ml TGF-in 1% FBS for 1·5, 3 or 24 h. Actin protein levels were analysed to control equal loading. (B) KK-1 cells were transiently transfected with a construct of a -679 bp fragment of the inhibin-promoter coupled to a luciferase reporter (inh -luc), and stimulated with 0, 2, 10 or 50 ng/ml TGF-in 1% FBS for 24 h. (C) GATA-4 expression plasmid or the corresponding empty plasmid was introduced into the setting in two different amounts. (D) KK-1 cells were transiently transfected with the inh -luc construct, in the presence of GATA-4, FOG-1 and FOG-2 expression plasmids, or the corresponding empty plasmids, and stimulated with 0 or 50 ng/ml TGF-in 1% FBS for 24 h. Luciferase activity is normalized to -galactosidase activity and presented relative to control as the mean±S.E.M. of three independent experiments performed in triplicate.
indirectly supports the involvement of a GATA factor, presumably GATA-4, in this pathway.
Proper GATA-4 function is required for inhibinpromoter activation by TGFIntroduction of dominant negative GATA-4 mutants into KK-1 cells allowed us to determine whether endogenous GATA-4 mediates the stimulatory effects of TGF-on the inhibin-promoter. Two mutant constructs were employed; the first one (termed DN1) lacked the N-terminal activation domain, and the second (DN2) had mutations in the cysteines of the C-terminal zinc-finger, which is required for DNA binding (Morrisey et al. 1997 ) and interaction with a number of cofactors, including Smads (Brown et al. 2004) . In electrophoretic mobility shift analyses (EMSA), transfected wild-type and DN1 GATA-4 bound to both of the GATA-sites on the inhibin-promoter ( Fig. 2A) , whereas DN2 bound to neither (data not shown). Transfecting the mutants into KK-1 cells did not alter the basal activity of the inhibin-promoter (Fig. 2B) . Both mutants were, however, able to inhibit the TGF--induced, 2·5-fold increase in the promoter activity; the DN2 mutant suppressed this increase by half. The inability of the mutants to suppress completely the TGF-effect is probably due to the increase in GATA-4 protein caused by TGF- (Fig. 1A) .
For clarification of the role of GATA-4 in TGFsignalling, we addressed the necessity of the two GATA-binding sites in the inhibin-promoter. The first, the second, or both sites were mutated (termed mut1, mut2, and mut1 and 2) (Fig. 2C) . As with the longer -679 bp promoter fragment studied in the previous experiments, TGF-stimulated this more proximal -166 bp promoter by two-fold. Introduction of GATAbinding site mutations resulted in abrogation of the TGF-effect (Fig. 2C) . Furthermore, when both of the GATA sites were mutated, the overall promoter activity was only one-third that of the wild-type promoter activity in KK-1 cells (Fig. 2C, column 7 vs 1) . All in all, these results highlight the essential role of a granulosa cell GATA protein, probably GATA-4, bound to its consensus sites, both in the basal activity and in the TGF-response of the inhibin-promoter.
GATA-4 enables inhibin-promoter activation in COS-7 cells
COS-7 cells with or without TGF-stimulation did not express GATA factors as studied by western blot or immunocytochemistry (data not shown), allowing us to test directly the impact of GATA-4 on the inhibinpromoter activation by TGF-. Western blot demonstrated Smad2 and Smad3 expression in these cells (data not shown), and they did respond to TGF-treatment, monitored by a CAGA-luciferase reporter that is activated by a TGF--Smad3 type signal (Dennler et al. 1998 , Mazerbourg et al. 2004 . To activate the inhibinpromoter in these cells, however, forced expression of GATA-4 was needed (Fig. 3A) . After introduction of GATA-4, TGF-was able to activate the promoter up to 22-fold. As in KK-1 cells, forced expression of FOG-1 or FOG-1 diminished the ability of TGF-to activate the inhibin-promoter (Fig. 3B) .
Functional interaction of Smad3 and GATA-4 mediates inhibin-promoter activation
The cooperation of GATA-4 and the TGF-cascade was further dissected by coexpressing GATA-4 and the Smad proteins in COS-7 cells. Overexpression of an equal amount of Smad2 or Smad3, verified by Western blot (data not shown), failed to activate substantially the inhibin-promoter, even after TGF-stimulation ( Fig.  3C-D) . This might indicate a lack of cooperating transcription factors or other modulators in the COS-7 cells. However, introduction of GATA-4 to this setting resulted in 45-fold promoter activation with Smad3 (Fig.  3D ). TGF-stimulation or driven expression of the coactivating Smad4 did not further increase the effect of GATA-4 and Smad3 (Fig. 3E and data not shown), while both FOG-1 and FOG-2 downregulated the GATA-4:Smad3 effect to the basal level of promoter activity (Fig. 3E) . Thus, Smad3, together with GATA-4, appears to be sufficient to activate the inhibinpromoter.
Next, we introduced the mutant GATA-4 constructs with Smad3 into COS-7 cells (Fig. 3F) . Overexpression of Smad3 with DN1, lacking the N-terminal end but having a normal zinc-finger region, resulted in promoter activation comparable to that achieved with the wild-type GATA-4. In contrast, overexpression of DN2, having the C-terminal zinc-finger abolished, failed to activate the promoter either alone or with Smad3. These results suggest that the C-terminal zinc-finger region in GATA-4 is important in the promoter activation with Smad3, and that the N-terminal end of GATA-4 is not crucial for the functional interaction.
Smad3 colocalizes with GATA-4 and inhibin-in granulosa cells
The physiological relevance of GATA-4 in TGFsignalling was underscored by immunohistochemical studies. Staining of an adult human ovarian tissue sample demonstrated the colocalization of inhibin-, GATA-4 and Smad3 in granulosa cells, especially in preantral and small antral follicles (Fig. 4A-C) . Furthermore, Smad3 was predominantly found in the nuclei (Fig. 4C) , a sign of its active function in granulosa cells in vivo. In KK-1 cells, the situation was identical for COS-7 cells were transfected with a wild-type or mutated GATA-4 expression plasmids (wt, DN1, and DN2) or the corresponding empty plasmids. DN1 lacked the N-terminal end of GATA-4 protein, and DN2 had the cysteines mutated on the C-terminal zinc-finger. EMSA was performed with a radiolabelled 16 bp oligo of the 58 GATA site in the inhibin-promoter (C) as a probe, and either a 100-fold excess of unlabelled probe or GATA-4 antibody for supershift was added, as indicated. DN2 did not bind to the oligo (data not shown). Similar results were obtained with the 38 GATA site. (B) KK-1 cells were transiently transfected with the inh -luc construct, in the presence of DN1 and DN2, or the corresponding empty plasmids. The cells received 0 or 10 ng/ml TGF-in 1% FBS for 24 h. (C) KK-1 cells were transiently transfected with a -166 bp wild-type or mutant inhibin-promoter/luciferase reporter construct. The cells received 0 or 10 ng/ml TGF-in 1% FBS for 24 h. In mut1, the 58 GATA site was mutated by replacing nucleotide G with C; in mut2, the 38 GATA-site; and in mut1 and 2, both. Luciferase activity is normalized to -galactosidase activity and presented relative to control as the mean±S.E.M. of three independent experiments performed in triplicate. COS-7 cells were transiently transfected with the inh -luc construct, in the presence of GATA-4, FOG-1 and FOG-2 expression plasmids, or the corresponding empty plasmids, and stimulated with 0 or 10 ng/ml TGF-in 1% FBS for 24 h. (C and D) COS-7 cells were transiently transfected with the inh -luc construct, in the presence of GATA-4, Smad2 and Smad3 expression plasmids, or the corresponding empty plasmids, and stimulated with 0 or 10 ng/ml TGF-in 1% FBS for 18 h. (E) COS-7 cells were transiently transfected with the inh -luc construct, in the presence of GATA-4, Smad3, FOG-1 and FOG-2 expression plasmids, or the corresponding empty plasmids. (F) COS-7 cells were transiently transfected with the inh -luc construct, in the presence of dominant negative GATA-4 constructs DN1 (lacking the N-terminal end) or DN2 (C-terminal zinc-finger mutated), Smad3 expression plasmids or the corresponding empty plasmids. The fold activation of the promoter when wild-type GATA-4 and Smad3 were cotransfected in this experiment was lower than in the experiments shown in panels C-E, by approximately 10-fold (not shown). Luciferase activity is normalized to -galactosidase activity and presented relative to control as the mean±standard error of the mean (S.E.M.) of three independent experiments performed in triplicate.
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Smad3 (Fig. 4D ). These findings extend previous studies on Smad3 expression in granulosa cells (Xu et al. 2002 , Bristol & Woodruff 2004 , and support a role for Smad3 as an active transcriptional regulator in the granulosa cell nucleus.
Smad3 and GATA-4 exhibit endogenous physical interaction in KK-1 cells
As in COS-7 cells, the functional GATA-4:Smad3 interaction was also observed in KK-1 cells, as exogenous GATA-4 and/or Smad3 increased the effect of TGF-on the inhibin-promoter (Fig. 5A ). Since these proteins are also colocalized in granulosa cells of growing ovarian follicles (Fig. 4) , we next investigated whether they interact at the protein level. COS-7 cells were transiently transfected to overexpress equal amounts of GATA-4, Smad3 or both proteins. When GATA-4 alone or both proteins were coexpressed in the COS-7 cells, Smad3 antibody was able to precipitate the GATA-4 protein in the nuclear extracts (Fig. 5B) . These findings indicate that Smad3 and GATA-4 physically interact in the cell nucleus. In KK-1 granulosa cells, GATA-4:Smad3 interaction was evident endogenously, as identified by immunoprecipitating KK-1 nuclear extracts with Smad3 antibody and detecting GATA-4 by western blot (Fig. 5C ). TGF-administration had no effect on this interaction (data not shown). Considering the predominantly nuclear localization of Smad3 and GATA-4 in granulosa cells in vivo (Fig. 4) , this finding supports the premise that GATA-4 is involved in Smad3-dependent transcription in the granulosa cells.
Discussion
Signalling pathways activated by TGF-superfamily ligands affect various cellular processes and require a number of tissue-specific transcription factors (Massague et al. 2000) . We have now shown a role for transcription factor GATA-4 in the TGF--type pathway in granulosa cells, activated in vivo by TGF-, activin and GDF-9. Studying a mouse granulosa cell model retaining many of the features of primary granulosa cells, we observed an increase in the amount of GATA-4 protein after stimulation with TGF-. This phenomenon suggests a self-stimulatory effect of TGF-signalling to achieve effective transcriptional activity for prolonged periods. Such self-enabling responses have been described elsewhere; for example, the expression of a transcriptional repressor ATF3, which acts with TGF-signalling to repress Id1 in epithelial cells, was increased by TGFsignalling (Kang et al. 2003) . Furthermore, induction of Gata4 by TGF-family signalling has been observed in Xenopus organ culture studies (Ariizumi et al. 2003) and in mouse stem cells (Li et al. 2005) . These results emphasize that GATA-4 is one of the key factors involved in the TGF-induction of cardiac cell differentiation. Our results suggest that GATA-4 is involved in the cascade transmitting the TGF-type signal to the inhibin-promoter in granulosa cells. Overexpression of FOG-1 or FOG-2 attenuated the inhibin-promoter activation, supporting the role of GATA proteins in this process. FOG proteins have been reported both to coactivate (Tsang et al. 1997) and repress (Svensson et al. 2000) GATA action. Dominant negative GATA-4 variants or mutation of GATA-binding sites in the inhibin-promoter abrogated the TGF-responsiveness, indicating that GATA-4 is required for inhibinactivation. Given also that TGF-signalling upregulated GATA-4, these data suggest that GATA-4 is a granulosa cell-specific cofactor for this pathway.
Interactions between TGF-signal mediators and GATA factors have recently been reported in the cells of the immune system and the heart: GATA-3 and Smad3 cooperated in T helper cells to activate interleukin 5 (Blokzijl et al. 2002) , and Nkx2·5 was activated in synergism of GATA-4 and Smad1/4 in cardiac cells (Brown et al. 2004) . In gonadal cells, we now found that GATA-4 and Smad3 cooperate in transmitting the TGF-signal to activate inhibin-. In accordance with the findings by Brown et al., this interaction seems to require the C-terminal zinc-finger region of the GATA-4. We found Smad2 and Smad3 to behave differently in the reporter assays. The observed strong effect of Smad3 compared with the lack of effect of Smad2 is supported by the fact that a Smad3-null mutation causes downregulation of inhibin-expression in the ovary (Tomic et al. 2004) . This may suggest that in this context Smad2 is unable to compensate for the loss of Smad3. It has also been reported that Smad2 occurs in most cells in two different alternatively spliced forms, of which the shorter retains DNA-binding activity similar to Smad3 (Dunn et al. 2005) . We utilized the longer form of Smad2, which may require additional cofactors to function properly with distinct promoters. As Smad3 binds to DNA only with a low affinity (Shi et al. 1998) , tissue-specific cofactors are essential for efficient promoter binding and activation. The endogenous physical GATA-4:Smad3 interaction in KK-1 cells suggests such a role for GATA-4 in granulosa cells.
Inhibin production in the granulosa cells is regulated by endocrine and paracrine/autocrine factors. Of the latter, GDF-9 and activin upregulate inhibin production in primary granulosa cells, utilizing the TGF-type Smad2/Smad3 signal pathway , Roh et al. 2003 , Mazerbourg et al. 2004 ). The present and previous results suggest that GATA-4 is utilized in both the endocrine FSH pathway and the paracrine TGF-pathway to activate inhibin-in these cells (Fig. 6 ):
1) The FSH-activated PKA phosphorylates and activates GATA-4 (Tremblay & Viger 2003a,b) .
2) Both FSH and TGF-upregulate GATA-4 transcription (Heikinheimo et al. 1997, this study) .
3) The TGF-signal mediator Smad3 cooperates with GATA-4 (this study).
It is also of interest that TGF-activates PKA (Zhang et al. 2004 ) and p38 MAPK (Hanafusa et al. 1999) ; both of these kinases are connected to the activation of GATA-4 (Pikkarainen et al. 2003 , Tremblay & Viger 2003b . The TGF--induced upregulation of GATA-4 expression could thus be independent of Smad proteins.
The commercially available TGF-utilized in our in vitro studies as an activator of the TGF-pathway may not be the optimal ligand for promoting transcription of the inhibin-gene. Two other members of the TGFfamily, GDF-9 and activin, have been linked to inhibin -1 cells were transiently transfected with the inh -luc construct, in the presence of GATA-4, Smad2 and Smad3 expression plasmids, or the corresponding empty plasmids, and stimulated with 0 or 50 ng/ml TGF-in 1% FBS for 24 h. Luciferase activity is normalized to -galactosidase activity and presented relative to control as the mean±S.E.M. of three independent experiments performed in triplicate. (B) COS-7 cells were transfected with GATA-4 and Smad3 as indicated. Nuclear protein extracts were immunoprecipitated (IP) with anti-Smad3 (S3), followed by immunoblot (IB) with GATA-4 antibody, and with Smad3 antibody for control. (C) Nuclear protein extracts of KK-1 cells were immunoprecipitated with non-specific IgG for control (Ctrl) or anti-Smad3, followed by immunoblot (IB) with GATA-4 and Smad3 antibodies. In both panels A and B, the blots were stripped prior to the control detection with the precipitation antibody; similar results were obtained in at least three independent experiments. production in granulosa cells , Roh et al. 2003 , Mazerbourg et al. 2004 . Thus, the interplay of these more physiological ligands with GATA-4 will be the subject of further studies on signalling in the oocyte-granulosa cell axis.
We have recently highlighted the role of GATA-4 in adrenocortical cell proliferation (Kiiveri et al. 1999 , Bielinska et al. 2003 . In mice, high gonadotrophin levels are associated with formation of sex steroidproducing adrenocortical adenomas and abnormal GATA-4 expression (Bielinska et al. 2003 (Bielinska et al. , 2005 . The same phenotype was seen in inhibin--null mice, depending on the high luteinizing hormone level (Matzuk et al. 1992 , Beuschlein et al. 2003 , Looyenga et al. 2004 . In addition, TGF--Smad3 signalling was recently linked to GATA-4 upregulation in the adrenals (Looyenga et al. 2004) . We propose that GATA-4 and Smad3 are key factors in a transcriptional module orchestrating inhibin-activation in granulosa cells (Fig. 6) . Given that gonadotrophin-and TGF--induced signalling activates both inhibinand GATA-4, GATA-4 may serve as a link between endocrine and paracrine gene regulation in granulosa cells.
